We report a method for in vitro selection of catalytically active enzymes from large libraries of variants displayed on the surface of the yeast S. cerevisiae. Two libraries, each containing 2 3 10 6 variants of horseradish peroxidase (HRP), were constructed; one involved errorprone PCR that sampled mutations throughout the coding sequence, whereas the other involved complete combinatorial enumeration of five positions near the active site to non-cysteine residues. The enzyme variants displayed on the yeast surface were allowed to modify it with a fluorescently labeled substrate. A combination of positive and negative selection applied to the active-site-directed library resulted in variants with up to an 8-fold altered enantioselectivity, including its reversal, toward L/D-tyrosinol. In contrast, the library constructed by using error-prone PCR yielded no HRP variants with a significantly improved enantioselectivity.
INTRODUCTION
Enzymes are attractive catalysts for applications in organic chemistry, primarily due to their exquisite stereospecificity, and especially the ability to recognize and produce particular enantiomers of chiral molecules [1] . Because only a small fraction of reactions of interest to synthetic chemists are catalyzed by naturally evolved enzymes, recent years have seen a major effort to create enzymes with altered activity, usually by reengineering existing enzymes. Directed evolution has proven to be a particularly powerful approach to engineering enzymes [2, 3] , as well as other proteins [4] , with improved properties, because it does not require a detailed knowledge of protein structure and function. Instead, large libraries of proteins with varying sequence, structure, and function are created, followed by screening or selecting for variants with desired properties.
The major challenge in the directed evolution of enzymes is the creation of a stable linkage between genotype (the DNA encoding a particular enzyme variant) and phenotype (enzymatic activity). The most direct approach, which separates different enzyme variants in wells of microtiter plates, can be applied to almost any enzyme, but it limits the throughput of screening to 10 3 -10 4 variants per library [5] . The alternative, in vitro selection by using display technologies, can process libraries of 10 6 -10 10 variants, but it limits the types of enzymes and chemical reactions that can be explored [6] . An indirect approach to in vitro selection for enzymatic activity uses binding to transition-state analogs as an indication of potential activity [7] . Selection methods that test the performance of variants in actual enzymatic reactions generally require that the reaction product be trapped on the surface of a phage or bacterial cell or inside bacterial cells. Alternatively, water-in-oil emulsion droplets have been used to colocalize reaction products with the bacteria that produce each enzyme variant [8] .
To date, all selection methods applied to enzymes that modify small molecules rely on bacterial or in vitro expression of enzyme variants, thus precluding directed evolution of numerous eukaryotic enzymes with extensive disulfide bonding or posttranslational modification. Whereas the advantages of a selection system based on a eukaryotic organism for the evolution of such enzymes are clear, the only example of selection for enzymatic activity in a eukaryote described so far involves a negative selection of homing endonucleases unable to cleave their DNA targets in yeast [9] . We set out to extend this work by designing a yeast-based selection system that can be applied to enzymes not involved in the biology of the yeast cell. We report a new, to our knowledge, method for in vitro selection of enzymatic activity from large libraries of variants displayed on the surface of the yeast S. cerevisiae and separated by fluorescence-activated cell sorting (FACS). As previously demonstrated for antibody fragments [10, 11] , extracellular receptor domains [12, 13] , and a eukaryotic lipase in a high-throughput screen [14] , yeast surface display is well suited to eukaryotic proteins. We used the model enzyme horseradish peroxidase (HRP), which contains four disulfide bonds, as well as a heme prosthetic group, and cannot be expressed in a soluble form in bacteria [15] .
Due to the possibility of their applications to chemical synthesis, HRP and other peroxidases have been subjected to directed evolution by using random or directed mutagenesis, DNA shuffling, and high-throughput screening to identify mutants with higher stability [16, 17] or altered specificity [18] . In addition, a bacterial catalase has been mutated and screened [19] , and a catalytic antibody raised against a transition-state analog has been mutated and selected by phage display [20] for increased peroxidase activity.
We focused on the enantioselectivity of HRP during its catalysis of radical dimerization of two chiral phenolic substrates-tyrosinol supplied in solution and tyrosine found naturally on the yeast surface. Wild-type HRP shows a marginal preference for L-tyrosinol over D-tyrosinol. Using two separate selection strategies, we both augmented and reversed HRP enantioselectivity.
Enzymes with altered enantioselectivity have been engineered previously [21, 22] by screening libraries randomized by error-prone PCR [23] , mutagenesis of specific active-site residues [24] [25] [26] [27] , or a combination of randomization methods [28] [29] [30] and DNA shuffling [31] [32] [33] . Selected enantioselective variants contained between 1 and 11 mutations per gene; there were critical mutations found in, or near, the active site, as well as at a distance from it [34] .
To identify the most efficient randomization strategy to manipulate enantioselectivity of HRP, we started our selections with two different HRP-derived libraries. The first one was constructed by using error-prone PCR and introduced a range of mutations throughout the HRP gene. The second library focused on 5 residues at, or close to, the HRP active site and was designed to sample all possible sequence permutations at those five positions. We found that in selections for selectivity for D-and for L-tyrosinol, only the active-site-directed library yielded variants with a significantly enhanced enantioselectivity. While it is tempting to conclude that the failure of the error-prone PCR-generated library to yield variants with improved enantioselectivity is due to the requirement for simultaneous mutation of multiple residues close to the active site, which would be a rare event in the error-prone PCR library, other possibilities exist; for instance, uneven or insufficient coverage of the error-prone PCR library, or selectivity and detection issues in the screen could also account for the current results.
RESULTS AND DISCUSSION
Yeast Surface Display of Wild-Type Horseradish Peroxidase To demonstrate that HRP displayed on the yeast surface retains enzymatic activity, the synthetic gene encoding the wild-type enzyme ( Figure 1 ) was cloned into a pCT-derived yeast surface display vector, pCT2, downstream from the gene for Aga2 protein and upstream from a c-myc tag ( Figure 2A ) and transformed into S. cerevisiae. The presence of HRP on the yeast surface was established by fluorescently labeling the cells with antibody against C-myc, by using Alexa 633 dye. The enzymatic activity of surface-displayed HRP was confirmed by incubating the yeast cells with two substrates, hydrogen peroxide and tyrosinol labeled with a second fluorescent dye, Alexa 488 ( Figure 2B ). The resulting labeled yeast cells were characterized by using analytical flow cytometry ( Figure 2C ). The presence of double-labeled cells in the yeast transformed with wild-type HRP, but not in the negative-control yeast transformed with the same plasmid missing the HRP gene, demonstrates that the yeast displaying HRP can incorporate the substrate, presumably by the reaction between enzymatically produced, fluorescently labeled tyrosinolfree radicals and tyrosines on the surface of membraneassociated yeast proteins.
This approach to detecting HRP activity, first proposed conceptually as ''enzyme screening by covalent attachment of products via enzyme display'' by Becker and Kolmar [6] , is similar to the method used by Yin et al. [20] , who detected HRP-catalyzed modification of a phagedisplayed antibody fragment with biotinylated tyramine. Whereas both selections rely on the incorporation of a phenolic substrate into protein associated with a display particle, by using a similar chemical reaction, the two approaches differ in two significant ways. First, our use of a eukaryotic display organism allowed us to study HRP, which cannot be expressed in an active form in bacteria used to express protein in phage display. Second, our use of tyrosinol, a chiral substrate, allows us to study enantioselectivity of HRP.
As shown in Figure 2C and Table 1 , Alexa 488-L-tyrosinol appears to be incorporated into yeast only slightly more efficiently than Alexa 488-D-tyrosinol, with the enantioselectivity E L/D of 1.2.
The fact that the subpopulation of yeast transformed with wild-type HRP with a low Alexa 633 signal, and thus presumably a low level of HRP expression [35, 36] , is still labeled with Alexa 488-tyrosinol ( Figure 2C ) suggests trans-labeling, i.e., that HRP displayed on a yeast cell attaches Alexa 488-labeled substrate onto a different yeast cell. A significant amount of trans-labeling would disturb the linkage between genotype and phenotype and thus preclude selection for HRP enantioselectivity. We quantified the amount of trans-labeling by labeling a mixture of a yeast strain displaying HRP and a C-terminal C-myc tag and a yeast strain displaying bovine trypsin inhibitor I (BPTI) and a C-terminal Flag tag. Most of the cells (62%) expressing the C-myc tag (and HRP), but only 7% of the cells expressing the Flag tag (and BPTI), were labeled with Alexa 488. In addition, as shown in Figure 2C , yeast transformed with wild-type HRP with a high Alexa 633 signal, and thus a high level of HRP expression, incorporates more Alexa 488-tyrosinol than the yeast with low-level expression of HRP; the amount of Alexa 488 incorporated is roughly proportional to the level of expression. The combination of a low number of trans-labeled cells and the high efficiency of cis-labeling by HRP-expressing cells provides a high enough cis-to-trans (i.e., signal-to-noise) ratio to select new HRP variants based on enzymatic activity by using yeast surface display.
Construction of HRP-Based Libraries
We used two different HRP-based libraries to compare the effectiveness of two common approaches to generating sequence variation in libraries for in vitro evolution-random versus active-site-directed mutagenesis.
The randomly mutagenized library, HRP-E, was generated by error-prone PCR amplification of the entire HRP gene. Mutations could occur anywhere in the gene; between 0 and 17 DNA mutations per clone were observed in the sequences of 24 randomly chosen clones from the unscreened library, with a median of 3. The perceived advantage of this approach is that it samples all possible types of mutations, namely, (i) single, double, and multiple mutations; (ii) those in the active site and distal from it; and (iii) those both affecting substrate binding and catalysis directly and through subtle changes in enzyme structure. The disadvantage of this approach is that any physical library generated by random mutagenesis is only a small subset of all possible libraries generated by this method, because it is impossible to sample all possible permutations of multiple mutations for all but the shortest sequences. Library HRP-E contains 1.6 3 10 6 different HRP variants. The active-site-directed library, HRP-C, was generated by exhaustive randomization of five positions at or near the active site: Phe68, Gly69, Asn72, Ser73, and Ala74 (Figure 1) , allowing any of the 19 non-Cys amino acid residues to occur at each of the 5 positions. (Cysteine was excluded to avoid possible disruption of folding, dimerization, or aggregation of HRP through unpaired cysteines under the oxidizing conditions found in the yeast secretory apparatus and outside the cell.) The limited number of residues randomized allows an exhaustive sampling of the 2.5 3 10 6 possible sequence permutations. The proximity of the randomized sites to the active site ( Figure 1A ) ensures that many of the mutations will have a significant effect on enzyme activity; however, it leads to the risk that the mutations may be too drastic to preserve activity.
To compare the effectiveness of the two strategies for library construction, we performed in vitro selections for substrate enantioselectivity of HRP by using libraries HRP-E and HRP-C in parallel, under the same conditions and selection pressure, and then analyzed the most successful clones selected from each library.
Selection of Enantioselective HRP Variants
Each library underwent two parallel selections by FACS, one for enantioselectivity for D-tyrosinol over L-tyrosinol Figure 3A ) and FACS of populations with low incorporation of Alexa 488-labeled L-tyrosinol (selection rounds 2, 4, 6, and 8; Figure 3B ).
Between 21 and 24 clones from each selected population were sequenced, enantioselectivity of all of the clones that appeared in the selected population more than once was determined (Figure 4 and Tables 1 and 2) .
Each selection from the active-site-directed library, HRP-C (Table 1) , yielded a single HRP variant that was enriched more than any other selected clone, and whose enantioselectivity exceeded that of all other clones in the selected population and that of wild-type HRP. Variant CD8.02, whose sequence was found in 76% of the clones in the final population selected for E D/L , has a 3.4-fold preference for D-over L-tyrosinol, i.e., a 3.8-fold improvement over wild-type HRP. Similarly, clone CL8.01, whose sequence was found in 52% of the clones in the final population selected for E L/D , has a 9-fold preference for L-over D-tyrosinol, which is a 7.5-fold improvement over wildtype HRP.
In contrast, the most highly represented clones selected from the randomly mutagenized library, HRP-E (Table 2) , for E D/L , were ED8.05 and ED8.02, which represented 19% and 14%, respectively, of selected clones; their enantioselectivity was indistinguishable from that of the wildtype HRP. Similarly, the selection from library HRP-E for E L/D produced no HRP variants with a higher enantioselectivity than the wild-type HRP; the sequence of wild-type HRP was found in 74% of the sequenced clones from that selected population.
In summary ( Figure 5 ), selection from the active-sitedirected library yielded variants with both a higher E D/L and E L/D , but selections from the error-prone PCR-generated library failed to identify any HRP variants with a significant change in enantioselectivity.
Mutational Analysis of Enantioselective Variant CD8.02
The enantioselectivities of CD8.02-based mutants, in which one of the four mutations at a time was reverted back to the wild-type sequence, are shown in Table 3 .
Two of the mutants, Rev69 (CD8.02(P69G)) and Rev72 (CD8.02(K72N)), lost activity against both L-and D-tyrosinol to the degree that precluded accurate determination of their enantioselectivities. Mutant Rev68 (CD8.02(E68F)) remained sufficiently active, but its E D/L was half that of CD8.02 (1.7 compared to 3.4). In contrast, mutant Rev73 (CD8.02(A73S)) had an even higher enantioselectivity than its parent clone, E D/L = 5.5, which corresponds to a 6-fold improvement over wild-type HRP.
That a single mutation from the selected CD8.02 sequence back to the wild-type at position 68, 69, or 72 abolishes activity or reduces enantioselectivity suggests that, in the context of the selected CD8.02 sequence (including Ala73), Glu68, Pro69, and Lys72 are all required for catalytic activity and high E D/L . Such a requirement for three non-wild-type residues is one possible explanation for the failure of the error-prone PCR-generated library in this selection, but others exist as well. Whereas errorprone PCR is relatively efficient at sampling single and double mutations throughout the HRP gene, the odds of generating a particular combination of three mutations at specific sites are low. In contrast, our active-site-directed library, HRP-C, focused attention on and essentially enumerated all combinations of mutations at positions 68, 69, 72, 73, and 74. This complementary strategy enabled the discovery of the highly enantioselective mutant CD8.02, which requires three simultaneous changes from the wild-type sequence for its favorable phenotype. It is not possible to generalize to other cases from this one example, but the relative effectiveness of whole-gene errorprone methods that provide excellent coverage of single and probably double mutants versus focused enumeration methods of all multiple mutants at a small number of sites remains an open research question. Other strategies not employed here are also possible. The efficiency of constructing multiple mutations nearby in three-dimensional space by using a focused procedure might be particularly useful near the enzyme active and binding sites, where there may be a high level of cooperativity. For identifying more distributed and less cooperative mutations, approaches similar to the error-prone library utilized here might have an advantage, particularly if single and double mutants can be combined to produce further enhancements. In principle, mutant Rev73, which had a higher enantioselectivity than CD8.02, should have been encoded in the HRP-C library and selected in the selection for E D/L . Two possible explanations for not selecting Rev73 from the library are that a 5-fold oversampling of the theoretical sequence space in the physical library was not sufficient to include a copy of each possible sequence, and that Rev73 had other properties that were selected against, such as a lower expression level in yeast. Nevertheless, we expect that thoroughly sampled active-site-directed libraries should provide an advantage in in vitro evolution of activity for enzymes whose structure and location of the active site are known. This hypothesis is supported by other enzyme-directed evolution studies [37] .
Further Directions for Yeast-Based In Vitro Evolution of Enzyme Activity
The use of FACS to capture variants of interest requires physical association of product with the yeast cell that harbors the gene for the enzyme variant. In this study, we ensured this genotype-phenotype linkage by utilizing as one of the substrates Tyr residues that are ubiquitous on the surface of yeast. However, the use of yeast surface display is not limited to the study of enzymes whose substrates are natural components of the yeast cell wall. We propose that this method can be applied to other bimolecular reactions by tethering one of the synthetic substrates to the surface of yeast (analogously to the tyrosine naturally present on the yeast cell wall in the HRP example), and by adding the second substrate in solution (like tyrosinol in the HRP example). A generalizable method for covalently attaching a small molecule to the yeast surface was recently demonstrated for biotin, which was attached to the yeast surface through a PEG linker with an NHS functional group [38] . Furthermore, the HRP-initiated generation of free radicals captured by a cell might be a generic means for detecting the reaction products of other enzymes that unmask a pro-substrate, which then serves as a substrate for HRP [6] . vitro evolution of a number of enzymes that cannot be expressed in a soluble and active form in bacteria, such as highly disulfide-crosslinked enzymes.
We used a combination of positive and negative selections to identify variants of HRP that are enantioselective for D-or L-tyrosinol, and we succeeded at enhancing and even reversing the enantioselectivity from that of the slight preference for L-tyrosinol shown by wild-type HRP to a substantial preference for D-tyrosinol, a 4-fold change in enantioselectivity. In a separate selection, we improved the enantioselectivity for L-tyrosinol compared to wild-type HRP 8-fold. A comparison of selections from two different HRP-based libraries revealed that an active-site-directed library yielded variants with a large change in enantioselectivity, whereas a randomly mutagenized library failed to yield improved clones; this difference could be due to the superior sampling of multiple mutations in the vicinity of the active site by the active-site-directed library.
The immobilized substrate used in our selection was tyrosine, present naturally in proteins associated with the yeast cell wall. Owing to a recent development in derivatizing the yeast surface with a variety of small molecules, the scope of enzyme yeast surface display can be extended by using any nontoxic substrate that can be conjugated to a standard linker.
EXPERIMENTAL PROCEDURES Synthesis and Cloning of the Wild-Type HRP Gene
The gene for wild-type HRP, redesigned to introduce a number of unique restriction sites without altering the protein sequence (Figure 1B) , was synthesized by GenScript (Piscataway, NJ). A new yeast surface display vector, pCTcon2, was derived from plasmid pCTcon [10] by replacing the DNA encoding the (Gly-Gly-Gly-Ser) 3 linker with a less repetitive DNA sequence (5 0 -GGTGGAGGAGGCTCTGGTGGAG GCGGTAGCGGAGGCGGAGGGTCG-3 0 ), again without mutating the encoded peptide-linker sequence. The synthetic HRP gene and the pCTcon2 plasmid were digested with NheI and BamHI, and the HRP gene was ligated into the BamHI-NheI backbone of pCTcon2. The resulting plasmid, pCT2-HRP, was transformed into the yeast surface display strain of S. cerevisiae, EBY100 [10] .
Construction of the HRP-Based Library, HRP-E, by Using Error-Prone PCR Library HRP-E was made by amplifying the HRP insert in pCT2-HRP in the presence of nucleotide analogs as described previously [10] . Cotransformation of EBY100 with the BamHI-EcoRI backbone of pCT2con and the amplified, mutated HRP gene by following the published method [10] yielded a library of 1.6 3 10 6 clones in EBY100. DNA sequencing of 24 library clones revealed 0-17 mutations per clone (at the nucleotide level), with a median of 3 mutations per clone. Two of the 24 sequenced clones had the wild-type HRP gene sequence.
Selection of the Five Active-Site Positions for Randomization
Groups of 5 residue positions were chosen based on structural proximity to the active site, and computational protein design techniques (the dead-end elimination [39] and A* algorithms [40] ) were used to determine allowed sequences for the wild-type backbone structure within 15 kcal/mol of the wild-type energy, which corresponds to the free energy of unfolding of an extremely stable protein [41] . The pairwise energy function for these calculations was the sum of the van der Waals, solvent-accessible surface area [42] and a Coulombic electrostatic term with a dielectric constant of four times the distance between each pair of atoms [43] . These calculations highlighted multiple sets of candidate positions that were calculated to allow many sequences. Further analysis of the built structures shows that they did not fill the active site with heavy atoms or consist of many charged residues. We then used three other metrics to choose the positions for randomization: mutual information between positions in our sequence alignments, amino acid frequency in known genes, and ease of synthesis. Mutual information was used to seek interactive positions, which are of special interest. The mutual information [44] between positions highlights pairs that might be structurally dependent on each other and therefore might be forced to mutate in unison. A sequence alignment of HRP genes was taken from Pfam [45] , and our wild-type HRP gene sequence was aligned by eye with the most highly homologous of the 309 seed alignment sequences to create a sequence alignment of 310 sequences. Highly conserved positions in this alignment were considered to be risky for randomization. We chose to mutate Phe68, Gly69, Asn72, Ser73, and Ala74, which the computational protein design techniques indicated would allow mutation. These 5 residues had low conservation in our sequence alignment and moderate mutual information; in addition, their close proximity in sequence made them easy to modify with a single randomized oligonucleotide. The oligonucleotides were assembled by using KOD Hot Start Polymerase (Novagen, San Diego, CA). First, 20 pmol oligonuclotide c2 and 10 pmol oligonuclotide rC were combined with 1 U KOD Hot Start Polymerase in 50 ml KOD Mix (1 3 KOD buffer, 0.2 mM dNTP mix, 1 mM MgSO 4 , 1 M betaine, and 3% DMSO). The oligonucleotides were denatured for 2 min at 95 C; subjected to ten cycles of 30 s at 94 C, 30 s at 58 C, and 1 min at 68 C; and, finally, incubated for 10 min at 68 C. A total of 20 pmol of c1 was added to the mixture in 2 ml, and the thermocycling program was repeated as described above. The resulting double-stranded DNA fragment was ethanol precipitated, and 2 mg of the product was amplified 10-fold by limiting the amounts of the PCR primers pc1 (5 0 -GTTGTGACGCATCGATCTTGTTAGAC-3 0 ) and pc2 (5 0 -CTGCGCAGGATACAGTTCTTGGGC-3 0 ), and by using 20 cycles of the program described above with 30 U KOD Hot Start Polymerase in 1.5 ml KOD mix. The amplified DNA fragment (''HRP-C insert'') was again ethanol precipitated and resuspended in dH 2 O at 0.6 mg/ml. The pCT2-HRP plasmid missing the BstBI-EagI fragment ( Figure 1B ) was prepared by a sequence of restriction digests (EagI, BssHII, and BstBI), followed by purification on QIAGEN PCR-Purification columns and ethanol precipitation. The gapped pCT2-HRP plasmid and HRP-C insert, which overlapped in sequence with the ends of the gapped pCT2-HRP plasmid by 41 nucleotides both upstream of the BstBI restriction site and downstream of the EagI site, were cotransformed into EBY100 by following the established protocol [10] . A total of 20 mg of gapped pCT2-HRP and 30 mg HRP-C insert were transformed into 1 ml electro-competent EBY100, yielding a yeast surface display library of an estimated 9.0 3 10 7 independent transformants, which is larger than the 2.5 3 10 6 possible sequence permutations permitted by library design. Of the 24 clones from library HRP-C that were sequenced, 22 conformed to the library design, and 2 showed protein truncations due to frameshift mutations. The mixture was stirred at room temperature for 3 hr. The fluorescently labeled product was then purified by reverse-phase HPLC by using a 9.4 3 250 mm, 5 mM Zorbax Rx-C8 column (Agilent Technologies, Santa Clara, CA) with 0.1% TFA, by using water as loading buffer and 0.1% TFA acetonitrile as mobile phase. The product was eluted with a 30 min, 4 ml/min gradient of 10%-30% acetonitrile.
Construction of the HRP-Based
Labeling of HRP Libraries Displayed on the Yeast Surface A yeast culture containing either 10 copies of each clone or 2 3 10 6 cells, whichever was the larger, was induced at the cell density of 4 3 10 5 /ml by growing the culture in 90% SG-CAA, 10% SD-CAA, 3.6 mM d-aminolevulinic acid, and 0.2 mM ferric citrate for 18 hr at 30 C. Two million induced yeast cells were washed with 1 ml PBS containing 0.5% BSA, followed by 0.5 ml PBS with 0.1% BSA. The cells were resuspended in 200 ml PBS containing 0.003% H 2 O 2 and 15 mM L-or D-tyrosinol-Alexa 488. Yeast populations for FACS were incubated for 30 min at 30 C, whereas samples used to determine enantioselectivities of selected clones were incubated for 2-8 min at room temperature. Labeling reactions were stopped by adding a 103 excess of PBS containing 0.5% BSA and 10 mM ascorbic acid and were washed by 0.5 ml PBS with 0.1% BSA. Samples for FACS were then labeled as described previously [10] with anti-c-myc monoclonal antibody, 9E10 (Covance, Princeton, NJ), and with goat antimouse Alexa-PE polyclonal antibodies, and then were resuspended in 0.5 ml PBS with 0.1% BSA.
Sorting of HRP Libraries Displayed on the Yeast Surface Using Fluorescence-Activated Cell Sorting Double-labeled yeast cells were sorted on a Becton Dickinson (Franklin Lakes, NJ) Aria high-speed cell sorter with 488 nm and 635 nm lasers at the rates of 6,000-10,000 cells per s. Gates were adjusted to collect the yeast cells positive for Alexa 633 signal that also had the highest Alexa 488 signal (for the positive selection rounds 1, 3, 5, and 7) or the lowest Alexa 488 signal (for the negative selection rounds 2, 4, 6, and 8). Of the Alexa 633-positive cells, the 1% of the cells with the highest Alexa 488 signal was collected in round 1, whereas 0.5% of the cells with the highest Alexa 488 signal was collected in rounds 3, 5, and 7. Conversely, of the Alexa 633-positive cells, 3% of the cells with the highest Alexa 488 signal was excluded in round 2, and 10% of the cells with the highest Alexa 488 signal was excluded in rounds 4, 6, and 8. Selected cells were collected in 0.5 ml SD-CAA (pH 4.5), containing 50 mg/ml kanamycin, 100 U/ml penicillin G, and 200 U/ml streptomycin, then grown to saturation in 5 ml of the same media by shaking them at 30 C for 2 days before they were induced and labeled for the next round of sorting.
Isolation of Selected HRP Variants
After eight rounds of selection, plasmid DNA was extracted from 1 ml of each saturated culture by using the Zymoprep Yeast Plasmid Miniprep Kit (Zymo Research, Orange, CA) and was transformed into XL1-Blue-competent E. coli (Stratagene, La Jolla, CA). Plasmids from 21-23 colonies from each selection were sequenced; those encoding unique HRP variants were retransformed into EBY100 for characterization of enantioselectivity.
Characterization of HRP Variants
To determine the enantioselectivities of selected HRP variants, yeast cells transformed with each variant of interest were labeled in parallel with L-and D-tyrosinol as described above for 0-4 min. Each time point sample was analyzed by using a Coulter (Fullerton, CA) Epics XL flow cytometer. The mean fluorescence of Alexa 488 was plotted against time to determine the initial reaction rates with each substrate (Figure 4) , and the enantioselectivity was calculated as E D/L = (initial rate 
Mutagenesis of Enantioselective Variant CD8.02
The four non-wild-type residues in variant CD8.02, Glu68, Pro69, Lys72, and Ala73, were mutated back to wild-type HRP by using the same strategy as in the construction of library HRP-C, except that oligonucleotides with defined sequences were used instead of the randomized oligonucleotide, rC. Mutant Rev68 (CD8.02 E68F) was constructed by using oligonucleotide 5 0 -CATCATTTCGAACAGAGAA AGATGCGTTTCCTAACGCAAAGGCAGCGCGCGGATTTCCTGTGAT 
